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ABSTRACT 


An  experimental  study  of  deep  level  traps  in  the  GaAs  permeable  base 
transistor  (PBT)  was  carried  out  using  current  deep  level  transient 
spectroscopy  (DLTS).  This  type  of  measurement  was  used  because  of  its 
ability  to  detect  electron  traps  in  the  base  region  of  the  PBT,  the  region 
most  critical  to  device  performance.  The  automated  measurement  system  was 
able  to  capture  the  PBT  current  transients  and  store  them  for  later 
analysis.  With  this  system,  the  DLTS  signal  could  be  obtained  for  several 
rate  windows  with  one  thermal  scan. 

The  results  of  the  DLTS  measurements  indicated  a  number  of  different  deep 
level  traps  in  the  devices  tested.  The  PBT  devices  tested  were  each 
fabricated  in  slightly  different  ways,  and  the  differences  in  the  traps 
detected  were  understandable.  The  forward  voltage  pulse  used  to  fill  the 
deep  level  traps  was  relatively  high,  and  hole  traps  were  observed  as  well 
as  electron  traps.  One  hole  trap  which  was  common  to  three  of  the  devices 
is  thought  to  be  related  to  the  presence  of  copper  in  the  GaAs  around  the 
base.  Another  hole  trap  found  in  one  of  the  devices  is  thought  to  be  due  to 
iron. 
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ABSTRACT 


7  An  experimental  study  of  deep  level  traps  in  the  GaAs  permeable  base 
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spectroscopy  (DLTS).  This  type  of  measurement  was  used  because  of  its 
ability  to  detect  electron  traps  in  the  base  region  of  the  PBT,  the  region 
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level  traps  in  the  devices  tested.  The  PBT  devices  tested  were  each 
fabricated  in  slightly  different  ways,  and  the  differences  in  the  traps 
detected  were  understandable.  The  forward  voltage  pulse  used  to  fill  the 
deep  level  traps  was  relatively  high,  and  hole  traps  were  observed  as  well 
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I.  INTRODUCTION 


The  presence  of  deep  level  traps  can  sometimes  adversely  affect  the 
operation  of  semiconductor  devices.  Electron  traps  in  gallium  arsenide  may 
affect  the  operation  of  the  permeable  base  transistor  (PBT)  in  ways  which, 
as  of  now,  are  not  clearly  understood.  The  purpose  of  this  research  is  to 
investigate  electron  traps  in  the  PBT  through  the  use  of  current  deep  level 
transient  spectroscopy  (DLTS).  This  technique  allows  the  identification  of 
electron  traps  by  means  of  their  characteristic  ionization  energies  and 
capture  cross  sections. 

This  thesis  is  divided  into  six  chapters.  In  Chapter  I  the  subject  of 
the  thesis  is  introduced,  trap  levels  are  defined,  and  the  PBT  is  described. 
Chapter  II  provides  background  on  the  DLTS  technique  and  how  it  can  be 
applied  to  the  PBT.  In  Chapter  III  the  DLTS  measurement  apparatus  is 
described,  and  in  Chapter  IV  the  results  of  the  DLTS  measurements  are 
presented  and  the  fabrication  parameters  of  the  devices  tested  are  briefly 
described.  The  results  of  the  measurements  and  some  of  the  notable  findings 
are  discussed  in  Chapter  V.  Finally,  the  major  topics  of  the  thesis  are 
summarized  in  Chapter  VI. 

Trap  levels,  also  called  deep  levels,  impurity  centers,  or  defect 
centers,  are  energy  levels  within  the  band  gap  of  semiconductors  caused  by 
impurities  or  crystal  defects  which  can  capture  or  emit  free  electrons  or 
holes.  Deep  level  traps  are  usually  distinguished  from  hydrogenic  shallow 
donor  or  acceptor  levels  which  are  often  introduced  through  intentional 
doping  of  the  material. 1 

The  permeable  base  transistor  is  a  three-terminal  semiconductor 

structure  developed  by  Lincoln  Laboratory  which  has  the  potential  for 

producing  gain  at  very  high  frequencies. ^  The  PBT  basically  consists  of  a 
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very  fine  tungsten  grating  embedded  within  a  crystal  of  n-type  GaAs. 

Emitter  and  collector  contacts  are  located  on  either  side  of  the  tungsten 
base  grating.  A  cross  section  of  the  device  is  shown  in  Fig.  1.  Under  a 
positive  collector-emitter  bias  electrons  flow  from  the  emitter  to  the 
collector.  To  do  so,  the  electrons  must  pass  through  the  base  grating.  A 
voltage  applied  to  the  base  controls  the  current  by  changing  the  potential 
barrier  experienced  by  the  electron. 

The  metal  base  grating  in  contact  with  the  n-type  GaAs  forms  a  Schottky 
barrier  around  the  base.  The  periodicity  of  the  grating  in  the  present 
devices  is  3200  ,  with  approximately  equal  line-to-space  ratio  so  that  the 

spacing  between  lines  is  of  the  order  of  a  few  tenths  of  a  micrometer.  With 
typical  carrier  concentrations  the  zero-bias  depletion  width  in  the  GaAs  is 
larger  than  the  spacing  between  lines,  as  shown  in  Fig.  2(a).  Therefore, 
the  electrons  must  overcome  a  potential  barrier  as  they  move  from  emitter  to 
collector.  If  a  positive  voltage  is  applied  to  the  base  metal  the  potential 
barrier  is  lowered  as  shown  in  Fig.  2(b),  and  the  emitter  current  increases. 
As  the  base  bias  is  increased  further  the  barrier  vanishes  in  the  middle  of 
the  gap  between  the  grating  lines  as  shown  in  Fig.  2(c),  and  the  current 
becomes  limited  by  the  width  of  the  conducting  channel  between  the  grating 
lines. 

The  fabrication  of  the  PBT  involves  putting  down  several  patterned 
layers  of  semiconductor  and  metal  using  a  combination  of  x-ray  lithography, 
photolithography,  and  etching  techniques.  The  substrates  are  silicon-doped 
GaAs.  After  polishing  and  etching,  a  2-  m  sulfur-doped  vapor  phase  epitaxy 


(VPE)  buffer  layer  is  grown,  followed  by  a  4000  active  layer  with  a  donor 
concentration  of  5  x  10*6  cm~3.  Following  this,  a  300-500  layer  of 
tungsten  is  deposited,  and  the  base  grating  with  a  period  of  3200  is 
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Fig.  1.  Cross  section  of  the  permeable  base  transistor. 


Fig.  2.  Depletion  region  around  base  of  PBT  for  three  base  voltage 
conditions:  (a)  zero  volts;  (b)  moderate  positive  voltage;  and 

(c)  more  positive  voltage. 


formed  using  x-ray  lithography  and  reactive  ion  etching.  After  base  contact 
pads  are  deposited,  GaAs  is  epitaxially  grown  over  the  base  grating. 
Following  the  overgrowth,  the  base  contact  pads  are  opened,  and  ohmic 
contacts  are  formed  for  the  emitter  and  collector.  After  protecting  the 
active  area  of  each  device  with  photoresist,  protons  are  implanted  to  reduce 
the  capacitance  between  base  pads  and  contact  overlay  pads.  The  photoresist 
is  then  removed  and  gold  contact  overlay  pads  are  formed.  After  the  devices 
on  each  wafer  are  isolated  using  a  chemical  etch,  they  are  packaged  for 
testing.  A  three-dimensional  drawing  of  a  PBT  with  a  broken  away  region  is 
shown  in  Fig.  3. 

In  a  completed  device  the  width  of  the  depletion  region  around  the  base 
grating  depends  upon  both  the  voltage  applied  to  the  base  and  the 
concentration  of  space  charge  in  the  depletion  region.  The  various 
fabrication  processes  may  introduce  deep  level  traps  into  the  semiconductor 
material  in  the  region  of  the  base  grating.  As  will  be  shown  In  Chapter  II, 
the  presence  of  deep  level  traps  in  the  depletion  region  alters  the  space 
charge  concentration  and  thus  the  depletion  width.  A  change  in  the 
depletion  width  in  turn  affects  the  collector-emitter  current  through  the 
PBT  by  changing  the  potential  barrier  in  the  base  region.  Since  current 
DLTS  measures  the  effect  of  deep  level  traps  in  the  base  region,  it  is  well 
suited  to  measuring  the  traps  which  affect  PBT  performance.  Because  of  the 
extremely  small  dimensions  of  the  grating  structure,  it  is  difficult  to 
determine  exactly  the  condition  of  the  semiconductor  material  after  all  the 
device  fabrication  steps  have  been  completed.  Since  the  collector-emitter 
current  must  pass  through  the  base  grating,  the  use  of  current  DLTS  enables 
one  to  characterize  the  traps  in  the  most  important  region  of  the  PBT. 


Deep  level  traps  in  the  PBT  may  affect  the  performance  of  the  device  in 
several  ways.  The  presence  of  impurities  increases  the  amount  of  ionized 
impurity  scattering  and  decreases  the  electron  mobility.  In  addition,  the 
trapping  action  of  the  deep  levels  affects  carrier  transport,  and  could 
decrease  the  frequency  performance  of  the  device.  There  may  also  be  other 
effects  of  deep  level  traps,  not  clearly  understood,  which  degrade  the 
performance  of  the  PBT. 


II.  DEEP  LEVEL  TRANSIENT  SPECTROSCOPY 


Deep  level  transient  spectroscopy  was  introduced  by  Lang  and  has  since 
become  a  very  useful  tool  for  characterizing  electron  and  hole  traps  in 
semiconductors .3  The  technique  involves  the  measurement  of  the  transient 
response  of  a  p-n  or  a  metal-semiconductor  junction  due  to  emission  of 
electrons  or  holes  from  trap  levels.  The  ionization  energy  and  the  capture 
cross  section  of  the  trap  can  be  deduced  from  the  transient  response  of  the 
device.  In  its  original  form,  DLTS  was  based  on  the  measured  change  in  the 
capacitance  of  a  p-n  junction  due  to  a  change  in  the  depletion  width  caused 
by  electron  or  hole  emission  from  traps.  Other  measurements  which  reflect 
the  emission  of  free  charge  carriers  from  traps  can  also  be  used  for  DLTS. 
Wessels  was  one  of  the  first  to  use  current  transients  to  measure  deep  level 
traps  in  a  junction  diode. *  In  addition  to  the  characterization  of  traps  in 
simple  junctions,  DLTS  can  be  used  for  the  investigation  of  traps  in  more 
complex  devices.  For  example,  Sriram  and  Das  have  shown  the  usefulness  of 
current  DLTS  for  characterizing  traps  in  GaAs  field  effect  transistors. 5 
To  understand  the  principle  behind  DLTS,  let  us  first  consider  the 
basic  capture  and  emission  processes  for  deep  level  traps.  The  theory  for 
measuring  capture  and  emission  rates  for  trap  levels  in  semiconductors  has 
been  described  in  detail  by  Sah  et  al.6  Figure  4  is  a  simple  energy  band 
diagram  showing  the  four  basic  capture  and  emission  processes.  Shown  in  the 
figure  are  the  valence  and  conduction  band  edges  Ev  and  Ec,  the  shallow 
level  impurities  Ea  and  Ej  for  shallow  acceptor  and  donor  levels,  and  Ex  for 
the  deep  level  traps.  The  concentration  of  electrons  in  the  conduction  band 
is  denoted  by  n.  The  concentration  of  holes  in  the  valence  band  is  denoted 
by  p.  The  concentration  of  electrons  and  holes  trapped  at  the  impurity 
centers  are  nx  and  px  respectively.  The  four  basic  processes  are  denoted  by 


a,  b,  c,  and  d.  Processes  a  and  b  involve  the  capture  and  emission, 
respectively,  of  an  electron  with  the  conduction  band.  Processes  c  and  d 
are  the  equivalent  capture  and  emission  of  a  hole  with  the  valence  band. 

The  direction  of  the  arrows  indicates  the  movement  of  electrons.  The  rate 
equation  describing  the  population  of  electrons  at  the  trap  level  is 

dn-p/dt  =  a-  b-  c  +  d  (1) 

Let  c  and  e  denote  capture  and  emission  rates  respectively.  Let  n  and  p  be 
subscripts  to  denote  electrons  and  holes  respectively.  Let  Nf  represent  the 
total  number  of  traps,  and  nx  and  px  be  the  number  of  trapped  electrons  and 
holes,  respectively.  Since  every  trap  is  occupied  by  either  an  electron  or 
a  hole,  N’p  =  nx  +  px-  A  capture  process  depends  on  the  number  of  unoccupied 
states  in  the  destination  level  as  well  as  the  number  of  occupied  states  in 
the  originating  level.  Therefore,  equation  (1)  can  be  written 

dn^/dt  =  cnnpx  -  ennx  “  cpPnT  +  epPT  (2) 

The  steady  state  occupation  of  the  traps  by  electrons  is  given  by 


0  =  cnnPT  “  ennx  -  cppnx  +  eppx 
0  =  -nx(cpp  +  en)  +  (Nx  “  nx)(cnn  +  ep) 

nT  -  Nx(cnn  +  ep)(cpp  +  en  +  cnn  +  ep)_1  (3) 

The  thermal  emission  rates  of  electrons  and  holes,  en  and  ep 


respectively,  depend  upon  the  temperature  and  the  ionization  energy.  The 
ionization  energy  is  the  energy  separating  the  trap  from  the  conduction  band 
for  electron  emission  or  from  the  valence  band  for  hole  emission.  By  the 
principle  of  detailed  balance,  the  electron  emission  rate  is  given  by3 

en  *  onv th^ cSnexP ( ~E i /kT )  (4) 

where  on  is  the  electron  capture  cross  section,  v^h  Is  the  electron  thermal 
velocity,  Nc  =  2( 2irm*kT/h2)3/2  is  the  effective  density  of  states  in  the 


■  V  v  j  V  V  *  . 


conduction  band,  gn  is  the  degeneracy  of  the  trap  level  and  is  the 
ionization  energy. 

Several  of  the  quantities  in  equation  (4)  are  temperature  dependent. 
Lang  and  Logan  noted  that  on  may  be  thermally  activated  and  is  of  the  form, 
0n  =  0n<®exp(~Eb/kT) . ^  Mircea  et  al.  showed  that  the  ionization  energy 
varies  linearly  with  temperature  and  can  be  expressed  in  the  form, 

^i  =  Eio  ~  cxT.®  The  average  thermal  velocity  is  temperature  dependent, 
vth  =  (3kT/m*)l/2.  Making  these  substitutions,  equation  (4)  becomes 

en  -  2(2rrm*kT/h2)3/2  (3kT/m*)l/2  an»gnexp( ot/k)exp[-(Ei0  +  Eb)/kT] 

=  Yn3’20naexP(~Ena/kT)  (5) 

where  yn  is  a  constant  equal  to  2.28  x  10^0  cnT^s'lK'Z^  0na  =  onoognexp(  a/k) , 
and  Ena  =  E^q  +  Ej,.  Ena  and  ona  are  referred  to  as  the  apparent  ionization 
energy  and  the  apparent  cross  section,  respectively.  A  similar  equation 
exists  for  ep  which  includes  the  terms  Epa  and  opa.  This  form  of  the 
emission  rate  equation  was  recommended  by  Martin  et  al.  to  facilitate  the 
comparison  of  DLTS  data  from  different  laboratories. 9 

Deep  level  transient  spectroscopy  is  basically  the  observation  of 
transients  due  to  the  emission  of  electrons  or  holes  from  deep  level  traps 
in  the  depletion  region  of  a  p-n  junction  or  metal-semiconductor  contact. 

The  transient  in  the  measured  quantity  is  related  to  the  trap  emission  rate, 
en  or  ep.  If  the  transient  is  measured  at  various  temperatures,  this 
relationship,  together  with  equation  (5)  for  en  or  its  counterpart  for  ep, 
can  be  used  to  determine  Ena  and  ana  or  Epa  and  opa.  This,  in  general,  is 
the  approach  taken  for  all  forms  of  DLTS. 

In  this  investigation  of  traps  in  the  PBT  the  transient  quantity 
measured  is  the  collector-emitter  current.  In  Chapter  I  we  briefly  examined 
the  principle  of  operation  of  the  PBT.  The  collector-emitter  current  is 


controlled  by  the  potential  barrier  in  the  base  region  which  the  electrons 
must  overcome  in  order  to  pass  from  the  emitter  to  the  collector.  This 
potential  barrier  is  governed  by  the  width  of  the  depletion  or  space-charge 
region  around  the  base  grating  due  to  the  metal-semiconductor  Schottky 
contact.  The  width  of  the  depletion  region  is  determined  by,  among  other 
things,  the  concentration  of  space-charge.  The  occupation  of  traps  by 
electrons  affects  this  space-charge  concentration  and,  thus,  the  depletion 
width.  The  emission  of  electrons  or  holes  from  traps  within  the  depletion 
region  around  the  base  grating  therefore  leads  to  a  transient  in  the 
collector-emitter  current.  The  time  constant  associated  with  this  current 
is  equal  to  the  time  constant  of  the  process  which  empties  the  traps. 

The  electron  population  of  a  trap  level  in  the  depletion  region  changes 
due  to  the  emission  of  both  electrons  and  holes.  For  this  discussion  let  us 
consider  an  n-type  semiconductor.  Under  steady  state  conditions  in  the 
neutral  region  of  the  semiconductor  the  electron  capture  rate  is  much 
greater  than  the  electron  emission  rate  since  there  are  many  available 
electrons,  and  deep  traps  tend  to  remain  full.  In  the  depletion  region, 
however,  there  are  few  available  electrons  to  be  captured,  and  the  traps 
will  be  less  full,  or  even  mostly  empty. 

In  order  to  have  electrons  emitted  from  traps,  the  traps  must  first  be 
filled  with  electrons.  One  way  to  fill  the  traps  in  the  base  region  of  the 
PBT  is  to  apply  a  positive  voltage  pulse  to  the  base.  This  is  illustrated 
by  the  simple  band  diagrams  for  a  Schottky  contact  shown  in  Fig.  5. 

In  Fig.  5(a)  the  Schottky  contact  is  shown  under  dc  bias.  The 
depletion  width,  Wj ,  depends  upon  the  built-in  voltage  of  the  Schottky 
contact,  the  space  charge  concentration  in  the  depleted  region,  and  the 


applied  bias  voltage.  As  can  be  seen  in  the  diagram,  electron  traps  up  to  a 
depth  of  Wj '  into  the  depletion  region  will  be  empty. 

Figure  5(b)  shows  the  Schottky  contact  after  a  more  positive  fill-up 
pulse  has  been  applied.  The  larger  voltage  on  the  base  causes  the  depletion 
width  to  be  reduced.  The  electron  traps  in  the  region  between  '  and 
become  filled  because  electrons  are  available  to  be  captured.  The  hole 
traps  may  also  capture  holes  injected  from  the  metal  into  the  semiconductor. 
A  more  effective  way  of  filling  hole  traps  is  to  optically  generate 
electron-hole  pairs  in  the  depletion  region. 

Finally,  Fig.  5(c)  shows  the  Schottky  contact  immediately  after  the 
fill-up  pulse  when  the  base  voltage  has  returned  to  its  original  dc  value. 
The  depletion  width  does  not  return  to  its  original  value,  however.  The 
trapped  electrons  alter  the  positive  space-charge  concentration  in  the 
depletion  region,  and  the  depletion  width  immediately  after  the  removal  of 
the  fill-up  pulse  is  larger  than  Wj.  As  the  trapped  electrons  are  emitted, 
the  depletion  width  returns  to  its  steady  state  value,  Wj .  If  holes  were 
trapped,  the  depletion  width  would  be  smaller  after  the  removal  of  the 
fill-up  pulse,  so  that  the  sign  of  the  transient  would  be  reversed. 

For  DLTS  analysis  it  is  assumed  that  the  transient  increase  or  decrease 
in  the  depletion  width  is  purely  exponential  in  time.  Nonexponential 
transients  may  occur  for  a  number  of  reasons  including  the  spatial  variation 
of  the  emission  rate  due  to  a  spatial  variation  in  the  junction  electric 
field  or  the  overlapping  of  the  effects  of  two  traps  with  slightly  different 
emission  rates.  DLTS  analysis  still  provides  useful  information  for 
identifying  traps  although  the  calculated  values  of  the  trap  parameters,  Ena 
and  ona  or  Epa  and  Opa,  may  be  slightly  affected.  The  effects  of 
nonexponential  transients  can  be  detected  with  DLTS  and  will  be  described  in 


Chapter  V.  For  now,  we  will  assume  an  exponential  transient,  i.e.,  that  the 
depletion  width  returns  to  its  steady  state  value  after  the  fill-up  pulse  at 
a  rate  proportional  to  exp(-t/Te),  where  Te  is  either  tn  =  l/en  for  electron 
traps  or  ip  =  1/ep  for  hole  traps. 

The  collector-emitter  current  is  the  quantity  measured  in  these 
experiments.  Since  the  PBT  collector-emitter  current  depends  on  the  base 
depletion  width,  the  current  transient  following  the  trap  fill-up  pulse  can 
be  used  to  determine  the  trap  emission  rate. 

The  measurement  sequence  is  illustrated  by  Fig.  6.  It  begins  with  the 
application  of  a  forward  bias  pulse  to  the  base  which  fills  the  electron 
traps  and  perhaps  some  hole  traps  in  the  region  around  the  base  grating. 
After  the  removal  of  the  fill-up  pulse,  the  collector-emitter  current  is 
given  by 

I(t)  =  Iss  +  AI(0)exp(-t/xe)  (6) 

where  Iss  is  the  steady  state  current.  If  the  transient  is  caused  by 
emission  from  electron  traps,  AI(0)  is  negative.  We  will  define  the  DLTS 
signal,  S(T) ,  as  the  difference  between  the  current  at  time  tj  and  at  a 
later  time  t2: 

S(T)  =  I( t ! )  -  I(t2)  (7) 

Using  equation  (7)  we  have 

S(T)  =  AI(0) [exp(-tj/Te)  -  exp(-t2/te)]  (8) 

The  sign  of  S(T)  distinguishes  electron  traps  from  hole  traps.  The 
dependence  of  S(T)  on  temperature  is  illustrated  in  Fig.  7.  At  low 
temperatures  Te  is  much  larger  than  ti  and  t2,  the  transient  is  relatively 
flat  over  the  time  period  of  interest,  and  |S(T)|  is  small.  As  the 
temperature  increases  Te  becomes  smaller,  and  when  te  is  comparable  to  tj 
and  t2,  | S ( T ) |  becomes  relatively  large.  Finally,  as  the  temperature 


increases  further  and  Te  becomes  smaller  still,  the  steady  state  conditions 
are  attained  before  t^,  and  |S(T)|  is  again  small.  Thus,  for  a  given  t^  and 
t2,  the  magnitude  of  the  DLTS  signal,  |S(T)|,  will  peak  at  a  characteristic 
temperature  for  a  given  trap  level.  The  re  at  which  this  peak  occurs  can  be 
obtained  by  maximizing  equation  (8)  with  respect  to  Te.  We  obtain 

Tmax  =  Ul  ~  t2)/ln(ti/t2)  (9) 

The  "rate  window"  is  defined  as  I/t^*  and  is  equal  to  the  emission 
rate  at  the  temperature  where  the  DLTS  signal  peaks. 3  The  transient  current 
through  the  PBT  is  measured  over  a  range  of  temperatures,  and  S(T)  versus  T 
is  plotted  for  different  values  of  tj  and  t2«  At  the  temperature  at  which 
the  DLTS  signal  peaks  re,  and  hence  en  or  ep,  can  be  calculated.  For 
electron  traps  the  resulting  values  of  en  for  different  rate  windows  can  be 
used  as  points  on  a  log(T2/en)  versus  1000/T  plot  and  a  straight  line  can  be 
fitted  to  these  points.  The  emission  rate  equation  (equation  (5))  can  be 
written  in  the  form 

log(T2/en)  =  -log(Yn°na)  +  (Ena/kT)log(e)  (10) 

Therefore,  Ena  can  be  obtained  from  the  slope  of  the  plot,  and  can  be 
obtained  from  the  y-intercept.  A  similar  plot  can  be  used  to  determine  Epa 
and  opa  for  hole  traps. 

The  apparent  electron  trap  parameters  Ena  and  <jna  have  been  measured 
and  reported  for  many  GaAs  samples  processed  under  a  wide  variety  of 
conditions.  Martin  et  al.  have  tabulated  many  of  the  common  electron  traps 
in  GaAs. ^  Some  of  the  traps  have  been  identified  as  chemical  impurities, 
while  others  are  thought  to  be  related  to  various  crystal  defects. 

One  other  trap  parameter  which  is  of  interest  and  can  sometimes  be 
inferred  from  DLTS  data  is  the  trap  concentration  Nf.  For  example,  the 
relationship  between  depletion  width  and  capacitance  transients  is 


sufficiently  simple  so  that  Nj  can  be  determined  from  the  capacitance 
transient  if  Nj  «  Nd.  Unfortunately,  however,  a  relationship  between  the 
current  transients  of  a  PBT  and  the  trap  concentration  in  the  PBT  has  yet  to 
be  derived,  and  the  derivation  of  a  reasonably  accurate  formula  based  on  the 
current  transport  properties  of  the  PBT  is  beyond  the  scope  of  this  thesis. 
However,  an  order-of-magnitude  estimate  of  the  trap  concentration  can  be 
obtained  from  these  DLTS  measurements. 

To  obtain  an  approximate  formula  which  relates  the  results  of  current 
DLTS  measurements  to  the  trap  concentration,  we  can  begin  by  considering  a 
slight  change  in  the  number  of  occupied  traps  to  be  equivalent  to  a  slight 
change  in  the  space  charge  concentration.  Although  Bozler  and  Alley  give 
the  results  of  some  numerical  simulations  of  the  PBT,  the  dependence  of  the 
collector-emitter  current  upon  donor  concentration  cannot  be  derived  from 
these  results.!!  However,  a  paper  describing  further  simulations  of  PBT 
performance  by  Marty  et  al.  can  be  used  to  obtain  an  approximate  expression 
for  ^,12  The  results  of  the  simulation  include  a  plot  of  the 
collector-emitter  current  versus  the  base  voltage  for  several  different 
values  of  the  donor  concentration.  From  this  data  it  was  found  that  the 
following  relationship  could  be  written: 

ANd/Nd  =  a( AI/I)  (11) 

where  a  is  a  factor  which  ranged  from  0.4  to  0.7.  Relating  this  to  the 
collector-emitter  current  from  equation  (6)  immediately  after  the  fill-up 
pulse  when  the  traps  are  filled,  |Al|  =  |AI(0)|  and  | ANd |  =  Nj.  Therefore, 
a  rough  approximation  of  the  trap  concentration  is  given  by 

NT  >  (Nd/2)( | AI(0) | /l)  (12) 

The  magnitude  of  the  transient,  J  AI( 0) | ,  can  be  calculated  from  the 


magnitude  of  the  peak  DLTS  signal.  At  the  point  where  |S(T)|  is  a  maximum 
equation  (9)  is  satisfied.  Using  this  in  equation  (8)  we  find 

| AI(0) |  =  |S(Tpeak)|/(K_L  -  K-M)  (13) 

where  K  =  t2/ti,  L  =  1/(K-1),  and  M  =  K/(K-1).  Therefore,  a  rough 
approximation  of  %  can  be  made  from  the  measured  DLTS  signal  and  the  known 
value  of  N,j. 


III.  MEASUREMENT  APPARATUS 


The  measurement  apparatus  used  in  this  research  is  designed  to  measure 
and  store  the  transient  current  through  the  PBT  following  a  short  trap 
filling  pulse  applied  to  the  base.  The  current  is  sampled  at  user-selected 
intervals,  averaged  over  a  number  of  trials,  and  the  value  of  the  current  is 
stored  on  floppy  disk  for  later  analysis  of  the  data.  A  diagram  of  the 
DLTS  measurement  system  is  shown  in  Fig.  8. 

System  control  is  provided  by  a  desktop  computer.  It  controls  a 
multiprogrammer  over  an  IEEE  480  interface  bus  and  a  temperature  controller 
through  a  16-bit  binary  coded  decimal  (BCD)  interface.  A  disk  drive,  a  CRT 
display  unit,  and  a  graphics  plotter  are  also  interfaced  with  the  computer. 
Experimental  parameters  selected  by  the  operator  through  the  computer 
include  trap  fill-up  pulse  height,  pulse  width,  sampling  interval,  number  of 
samples,  number  of  trials  to  be  averaged,  temperature  range,  and  temperature 
interval.  Because  of  the  automated  nature  of  the  system,  several  pulse 
height  parameters  can  be  used  during  one  temperature  scan. 

The  device  under  test,  mounted  in  a  cold  chamber,  is  cooled  by  a 
cryocooler.  The  temperature  controller,  through  the  use  of  a 
temperature  sensor,  heater,  and  feedback  electronics,  maintains  the  device 
at  the  desired  temperature  which  is  sent  from  the  computer  through  the  BCD 
interface.  The  temperature  is  controlled  within  ±1  K  for  measurements  at 
each  temperature.  The  actual  temperature  of  the  device  is  measured  with  a 
thermocouple  referenced  to  liquid  nitrogen.  The  temperature  range  provided 
by  the  system  is  approximately  35  to  400  K. 

At  each  temperature,  the  transient  current  following  a  fill-up  pulse  is 
measured.  An  external  power  supply  provides  the  collector-emitter  bias,  and 
a  D/A  converter  card  in  the  multiprogrammer  with  a  conversion  time  of  6  ps 
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supplies  the  required  base-emitter  bias  for  the  trap  fill-up  pulse.  The 
base  voltage  can  be  maintained  within  ±5  mV,  and  the  minimum  pulse  width  is 
approximately  1.5  ms.  If  measurements  at  a  number  of  different  pulse  height 
parameters  are  desired,  they  are  all  made  before  the  device  is  brought  to 
the  next  temperature. 

The  collector-emitter  current  through  the  PBT  is  measured  by  a 
current-to-voltage  converter.  The  voltage  output  of  the  current-to-voltage 
converter  is  sampled  by  an  A/D  converter  card  in  the  multiprogrammer.  The 
sampling  interval,  minimum  30  ys,  as  well  as  the  number  of  samples,  maximum 
1024,  are  selected  by  the  operator.  The  sampling  sequence  begins  at  the  end 
of  the  fill-up  pulse,  when  the  A/D  converter  is  triggered  to  sample  the 
analog  voltage  representing  the  current  at  the  required  intervals.  The 
voltage  values  are  stored  directly  into  a  memory  card  in  the 
multiprogrammer.  At  the  end  of  the  sampling  sequence,  the  data  are  read 
into  the  computer.  The  fill-up  pulse  and  the  sampling  sequence  are  repeated 
for  the  number  of  trials  desired,  and  the  average  value  of  the  current 
transient  is  computed.  The  averaged  data  values  are  then  stored  in  a  disk 
file  along  with  other  data,  such  as  the  temperature,  pulse  parameters,  and 
sampling  time. 

Analysis  of  the  stored  data  is  performed  after  the  full  temperature 
scan  is  completed.  Although  this  can  be  done  in  any  way  desired,  the 
simplest  analj  ils  is  to  select  tj  and  t2  and  calculate  the  difference, 

S(T)  *  I(tj)  -  I(t2),  in  the  customary  fashion.  S(T)  is  plotted  as  a 
function  of  temperature,  and  from  there  the  calculation  of  Tn  or  Tp,  Ena  or 
Epa,  and  ona  or  opa  follows  the  approach  outlined  in  Chapter  II.  Since  the 
shape  of  the  current  transient  is  stored,  other  means  of  determining  Tn  or 
Tp  may  be  employed.  A  curve  fitting  routine  may  be  used  to  approximate  the 


exponential  functions  present  in  the  transient  at  various  temperatures. 
Whatever  the  analysis  technique,  the  data  are  stored,  without  the  necessity 
of  going  back  to  perform  more  time-consuming  measurement  scans.  With  one 
temperature  scan,  data  for  six  or  more  rate  windows  can  usually  be  obtained 
unlike  a  manual  system  where  each  rate  window  requires  a  separate 
temperature  scan.  Since  each  temperature  scan  requires  several  hours,  the 
practical  advantages  of  this  type  of  system  are  great. 


IV .  EXPERIMENTAL  RESULTS 


The  apparent  trap  parameters  Ena  and  ona  or  Epa  and  opa  have  been 
measured  for  several  GaAs  PBT’s  using  the  measurement  system  described  in 
the  previous  chapter.  In  this  section  the  measured  values  of  the  trap 
parameters  are  reported  and  the  significant  device  fabrication  parameters 
are  given.  The  next  chapter  discusses  the  experimental  results. 

Table  1  provides  information  about  the  fabrication  parameters  used  for 
the  devices  evaluated  in  this  study.  All  of  the  devices  were  fabricated  on 
heavily  doped  substrates  with  an  n-type  VPE  layer  as  described  in  Chapter  I. 
There  are,  however,  significant  differences  in  the  base  metal  used.  The 
base  metal  in  Community  Chest  is  tungsten  and  was  deposited  by  means  of 
argon  sputtering.  The  base  metal  in  Second  Chance  was  also  deposited  by 
argon  sputtering  but  consisted  of  tungsten  silicide.  The  base  metal  in 
Johnson  II  and  MP8-3  is  tungsten  and  was  deposited  by  e-beam  evaporation  In 
the  presence  of  oxygen.  The  second  epitaxial  layer,  the  overgrowth,  was 
also  performed  by  different  epitaxial  techniques.  The  epitaxial  growth  over 
the  base  grating  in  Second  Chance  and  Community  Chest  was  performed  using 
low  temperature  VPE.  The  second  epilayer  for  Johnson  II  was  grown  using 
high  temperature  VPE,  and  the  epitaxial  overgrowth  for  MP8-3  was  achieved 
using  molecular  beam  epitaxy  (MBE).  The  donor  concentration  near  the 
interface  between  these  layers  was  measured  on  a  portion  of  the  wafer  next 
to,  but  not  actually  over,  the  grating  area  and  was  approximately  10^  cm~3. 
The  actual  dono*-  concentration  in  the  region  of  the  grating  is  not  known. 

Table  2  lists  the  devices  measured  and  the  traps  detected  in  each 
device  along  with  the  measured  trap  parameters  Ena  and  Ona  or  Epa  and  apa. 
Usually,  two  or  three  traps  in  each  device  were  of  sufficient  magnitude  to 


permit  the  trap  parameters  to  be-  determined.  In  some  cases,  evidences  of 
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Table  i.  Summary  of  differences  in  fabrication  parameters  among  PBT's 
tested. 


Device 

Type  of 

Base  Metal 

Base  Metalli¬ 
zation  Method 

Overgrowth 

Method 

Second  Chance 

Tungsten 

Silicide 

Sputtering 

Low  Temp 
VPE 

Johnson  II 

Oxygenated 

e-Beam 

High  Temp 

Tungsten 

Evaporation 

VPE 

MP8-3 

Oxygenated 

Tungsten 

e-Beam 

Evaporation 

MBE 

Community 

Chest 

Tungsten 

Sputtering 

Low  Temp 
VPE 
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Johnson  II 


MP8-3 


Community 

Chest 


Electron 

0.27 

1.4  x  10-16 

EL8 

Electron 

0.17 

5.1  x  10-16 

ELI  1 

Hole 

0.42 

4.9  x  10-15 

HL4 

Electron 

0.44 

8.0  x  10“13 

EL  5 

Electron 

0.68 

1.8  x  10-13 

ELI  2 

Electron 

0.47 

5.3  x  10-1* 

EL4 

Hole 

0.55 

4.5  x  10-14 

HL8 

Hole 

0.44 

3.2  x  10-13 

HL4 

Electron 

0.66 

CM 

H 

1 

o 

f-H 

K 

o 

• 

00 

EL3 

Hole 

0.43 

rH 

1 

o 

X 

• 

CM 

HL4 

weak  traps  were  detected,  but  DLTS  signal  peaks  could  not  be  determined  with 
reasonable  accuracy.  Along  with  each  trap  listed  in  Table  2  are  the 
possible  comparisons  with  traps  catalogued  by  Martin,  Mitonneau,  and 
Mircea.^.lO  Tables  3  and  4  contain  the  lists  of  known  electron  and  hole 
traps.  Although  none  of  the  electron  traps  discovered  were  common  to  more 
than  one  device,  one  of  the  hole  traps,  HL4,  was  found  in  three  of  the  four 
devices. 

The  four  devices  listed  in  Table  2  were  all  tested  using  the  current 
DLTS  system  described  in  Chapter  III.  After  the  data  representing  the 
transient  current  was  stored  for  an  appropriatate  set  of  temperatures,  the 
DLTS  signal,  S(T),  was  computed  and  plotted  as  a  function  of  the  temperature 
for  various  rate  windows.  An  example  of  such  a  plot.  Fig.  9,  shows  S(T) 
versus  T  for  three  different  rate  windows.  The  steady  state  voltage  was 
0.7  V.  The  base  was  then  pulsed  to  1.1  V  for  a  period  of  1  ms.  The  current 
through  the  device  was  measured  for  a  period  of  30  ms  after  the  fill-up 
pulse  under  a  collector-emitter  bias  of  0.1  V.  The  data  stored  on  the  disk 
was  the  average  of  100  repetitions  of  the  pulse  and  measurement  sequence. 

The  next  step  in  determining  the  trap  parameters  was  to  determine  at 
what  temperature  the  DLTS  signal  peaked  for  each  rate  window.  This  was  done 
manually,  and  the  accuracy  of  the  determination  was  related  to  the 
smoothness  of  the  S(T)  versus  T  curve.  To  reduce  the  effect  of  measurement 
errors,  six  rate  windows  were  usually  used  to  measure  each  trap,  and  the 
corresponding  six  peak  temperatures  were  recorded. 

From  these  values  of  the  rate  windows  and  the  peak  temperatures,  the 
electron  trap  parameters  Ena  and  ana  were  calculated  using  the  procedure 
described  in  Chapter  II.  Least  squares  fits  to  the  log(T2/en)  versus  1000/T 
plots  were  determined  with  the  computer  and  graphics  plotter.  The 


Table 

3.  Parameters  Ena 

and  ona  for  known  electron 

traps.  This  table  is 

f  rom 

reference  9. 

Activation 

Emission  Cross 

Label 

Energy,  Ena  (eV) 

Section,  ona  (cm^) 

Observations 

0.78 

0.825 

0.575 

0.51 

0.42 

0.35 

0.30 

0.275 

0.225 

0.17 

0.17 

0.78 

0.215 

0.15 

0.37 


6.5  x  10~13 

2.5  x  10-15 

1.0  x  10-13 
7.7  x  10-15 

7.3  x  10-16 

1.1  x  10-14 

2.2  x  10-14 

3.5  x  10-14 

2.2  x  10-13 
3.0  x  10-H 

8.3  x  10-13 

2.6  x  10“13 

2.6  x  10-13 

1.7  x  10“14 
1.5  x  10*14 
Imprecise 
Imprecise 


1.0  x  lO- 
CO. 8-1. 7)  x 
(0.8-1. 7)  x 
1.0  x  lO- 
CO. 5-2.0)  x 
1.5  x  10" 

7.2  x  10' 

7.7  x  10' 

6.8  x  10' 

1.8  x  10' 
3,0  x  10' 

4.9  x  10* 

5.2  x  10* 
5.7  x  10* 
4.0  x  10* 


-14 

10-13 

10-13 

-12 

10-13 

-13 

■15 

-15 

■15 

■15 

•16 

•12 

•16 

■13 

•18 


Bulk  material 
Bulk  material 

Bulk  material 

Cr  doped  bulk  mat. 

V.P.E.  mat. 

V.P.E.  mat. 

V.P.E.  mat. 


Cr  doped 
As  grown 
Electron 
Electron 
As  grown 
Electron 
As  grown 
As  grown 
Electron 
Electron 


L .  P • E .  mat • 
V.P.E.  mat. 
irradiated  mat 
irradiated  mat 

M. B.E.  mat. 
irradiated  mat 
M.B.E.  mat. 
M.B.E.  mat. 
irradiated  mat 
irradiated  mat 


Cr  doped  bulk  mat. 
V.P.E.  mat. 

V.P.E.  mat. 

As  grown  M.B.E.  mat. 
V.P.E.  mat. 

Bulk  material 
As  grown  M.B.E.  mat. 
V.P.E.  mat. 

V.P.E.  mat. 

As  grown  M.B.E.  mat. 
V.P.E.  mat. 

V.P.E.  mat. 

Bulk  material 
Electron  irradiated  mat 
V.P.E.  mat. 


Possible  Comparisons 


EL2  =  ET1  =  ESI  =  EB2 
EL4  *  EB5 
EL5  =  EB6(?) 

EL6  «■  ET2 


EL7  *  EB7;  EL7  =  EL6(?) 
ELI 1  =  El 3  -  EL10C?) 
EL12  «=  EB4(  ?  ) 

FT  1  5  s  PRO 


Table  4.  Parameters  Epa  and  <jpa  for  known  hole  traps.  This  table  is  from 
reference  10. 


Activation  Emission  Cross 

Label  Energy,  Epa  (eV)  Section,  apa  (cm2)  Observations 


HT1 

0.44 

1.2 

X 

10-14 

V.P.E.  mat. 

HS1 

0.58 

2.0 

X 

10-19 

L . P . E .  mat . 

HS2 

0.64 

4.1 

X 

10-16 

L.P.E.  mat. 

HS3 

0.44 

4.8 

X 

10-18 

L.P.E.  mat. 

HBl 

0.78 

5.2 

X 

10-16 

Cr  doped  L.P.E. 

mat. 

HB2 

0.71 

1.2 

X 

10-14 

As  grown  L.P.E. 

mat . 

HB3 

0.52 

3.4 

X 

10-16 

Fe  doped  L.P.E. 

mat . 

HB4 

0.44 

3.4 

X 

10-14 

Cu  doped  L.P.E. 

mat . 

HB5 

0.40 

2.2 

X 

10-13 

As  grown  L.P.E. 

mat . 

HB6 

0.29 

2.0 

X 

10-14 

Electron  irradiated  L.P.E 

HL1 

0.94 

3.7 

X 

10-14 

Cr  doped  V.P.E. 

mat. 

HL2 

0.73 

1.9 

X 

10-14 

As  grown  L.P.E. 

mat. 

HL3 

0.59 

3.0 

X 

10-15 

Fe  diffused  V.P 

.E.  mat. 

HL4 

3.0 

X 

10-15 

Cu  diffused  V.P 

. E .  ma t . 

HL5 

0.41 

9.0 

X 

10-14 

As  grown  L.P.E. 

mat. 

HL6 

0.32 

5.6 

X 

10-14 

V.P.E.  with  p+ 

layer 

HL7 

0.35 

6.4 

X 

10-15 

As  grown  M.B.E. 

mat . 

HL8 

0.52 

3.5 

X 

10-16 

As  grown  M.B.E. 

mat . 

HL9 

0.69 

1.1 

X 

10-13 

As  grown  V.P.E. 

mat . 

HL10 

0.83 

1.7 

X 

10-13 

As  grown  V.P.E. 

mat. 

HL1 1 

0.35 

1.4 

X 

10-15 

Melt  grown  mat . 

HL12 

0.27 

1.3 

X 

10-14 

Zn  contaminated 

L.P.E. 

Possible  Comparisons 


correlation  coefficient  for  the  fit  was  usually  better  than  0.99.  Figure  10 
shows  the  log(T2/en)  versus  1000/T  plots  for  two  electron  traps  detected  and 
two  known  traps.  Although  the  values  of  Ena  (0.68  eV  and  0.66  eV)  and  ona 
(1.8  x  10-13  cm2  an<j  g#o  x  io~12  Cm2)  for  the  two  traps  are  fairly  close,  it 
is  apparent  from  the  plots  of  the  known  traps  that  one  of  the  measured  traps 
is  closer  to  EL3  and  the  other  is  closer  to  EL12.  The  best  way  to  identify 
traps,  therefore,  is  to  compare  the  plotted  values  of  the  traps  with  those 
of  known  traps  rather  than  to  compare  only  the  numerical  values  of  Ena  and 
0na* 

One  obvious  source  of  error  in  the  calculation  of  Ena  and  Ona  is  the 
determination  of  the  temperatures  at  which  S(T)  peaks.  It  was  found  that  a 
difference  of  1  K  in  one  of  the  six  peak  temperatures  resulted  in 
approximately  a  3%  change  in  Ena  and  approximately  a  40%  change  in  ona.  If 
all  of  the  peak  temperatures  were  shifted  by  1  K,  Ena  changed  by  less  than 
1%  and  ona  changed  by  approximately  9%.  Depending  on  the  smoothness  of  the 
S(T)  versus  T  plot,  the  location  of  the  signal  peaks  could  usually  be 
determined  to  within  2-4  K  with  fairly  high  confidence.  As  discussed  above, 
however,  the  most  useful  information  for  identifying  traps  is  the  log(T2/en) 
versus  1000/T  plot  rather  than  the  numerical  values  of  the  trap  parameters 
themselves. 

Besides  the  trap  parameters  Ena  and  ana,  the  trap  concentration,  Nx, 
was  calculated.  As  explained  in  Chapter  II,  any  number  obtained  for  the 
trap  concentration  is  just  a  rough  approximation  and  depends  upon  the 
accuracy  of  the  estimate  for  Nrf.  In  addition,  the  estimated  value  of  Nx  is 
actually  a  lower  limit,  since  there  may  only  be  a  partial  change  in 
occupancy  of  the  trap  level  during  the  forward  bias  pulse.  Table  5  lists 


T2/en  (K2-s) 


Fig.  10.  Plots  for  two  measured  traps  (solid  lines)  and  two  known  traps 
(dashed  lines).  The  data  points  are  shown  by  circles. 


the  values  of  |AI(0)|  and  I  at  several  of  the  DLTS  signal  peaks  and  gives 
the  estimate  of  Ny  for  several  of  the  traps  detected. 

Again  referring  to  Fig.  9,  we  see  that  there  is  a  positive  peak  as  well 
as  a  negative  peak  in  the  DLTS  signal  plot.  The  positive  peak,  indicating  a 
hole  trap,  was  unexpected,  but  hole  traps  were  detected  in  three  of  the 
devices  tested.  In  the  DLTS  literature  the  voltage  pulse  method  of  filling 
minority  carrier  traps  is  usually  considered  ineffective  in  Schottky  barrier 
junctions  because  the  number  of  injected  holes  is  usually  very  small. 

Optical  generation  of  electron-hole  pairs  is  usually  used  in  order  to 
observe  minority  carrier  traps  in  such  junctions.  For  capacitance  DLTS  the 
level  of  forward  bias  permitted  is  very  small  and  too  few  holes  are  injected 
to  fill  hole  traps.  However,  in  the  current  DLTS  experiments  performed  in 
this  research  the  level  of  forward  bias  during  the  trap  fill-up  pulse  was 
sometimes  around  1  V,  and  an  adequate  number  of  holes  could  be  injected. 

For  one  of  the  devices  tested.  Community  Chest,  a  forward  voltage  of  1  V 
during  the  fill-up  pulse  resulted  in  a  hole  trap  being  indicated,  while  a 
forward  voltage  of  0.4  V  did  not  allow  this  trap  to  be  seen. 

Although  some  hole  traps  were  observed,  the  trap  filling  mechanism  was 
not  as  efficient  for  some  hole  traps  as  for  electron  traps.  The  effect  of 
the  fill-up  pulse  width  on  the  DLTS  signal  from  the  hole  trap  in  Second 
Chance  was  studied.  Figure  11  illustrates  the  increase  in  the  amplitude  of 
the  hole  trap  peak  as  the  fill-up  pulse  width  was  increased  from  10  ps  to  1 
ms.  The  hole  trap  peak  did  not  increase  as  the  pulse  width  was  increased 
further  to  10  ms,  which  indicates  a  capture  rate  of  the  order  of  10^  s"*. 

The  emission  rate  for  this  hole  trap  was  measured  to  be  5. 5  x  10“  2  s'-*. 

Since  this  trap  at  0.42  eV  above  the  valence  band  is  below  the  quasi-Fermi 
level  for  holes,  the  capture  rate  should  be  nearly  equal  to  the  emission 


DLTS  SIGNAL  (uA) 


Fig. 


11.  Dependence  of  hole  trap  peak  height  on  fill-up  pulse  width. 
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rate.  Therefore,  the  capture  rate  determined  from  varying  the  pulse  width 
is  consistent  with  the  value  of  epa  calculated  from  DLTS. 

Figure  11  also  shows  that  the  amplitude  of  the  electron  trap  peak 
decreased  as  the  fill-up  pulse  width  increased.  This  can  be  explained  by 
considering  the  addition  of  the  transients  due  to  the  electron  trap  and  the 
hole  trap.  Since  the  emission  rates  of  the  hole  trap  and  the  electron  trap 
are  relatively  close  to  each  other,  as  the  amplitude  of  the  hole  trap 
transient  increases  due  to  the  increase  in  the  pulse  width,  this  transient, 
opposite  in  polarity  from  the  electron  trap  transient,  partially  offsets  the 
electron  trap  transient  and  decreases  the  DLTS  signal. 

This  chapter  briefly  summarizes  the  electron  and  hole  traps  detected  in 
several  PBT  devices.  Except  for  one  of  the  hole  traps  different  traps  were 
detected  in  each  device.  This  may  be  due  to  the  fact  that  each  device  was 
fabricated  slightly  differently.  The  measurement  of  the  DLTS  signal  peaks 
introduces  some  error  in  the  values  calculated  for  Ena  and  ona  or  Epa  and 
Opa,  but  the  traps  observed  can  usually  be  identified  relative  to  known 
traps  by  comparing  plots  of  the  measured  data  with  plots  of  known  traps. 
Although  the  voltage  pulse  method  of  filling  traps  is  not  usually  used  for 
observing  minority  carrier  traps  in  Schottky  barrier  junctions,  the  level  of 
forward  bias  used  in  these  experiments  allowed  hole  traps  as  well  as 
electron  traps  to  be  seen. 


V.  DISCUSSION 


Probably  the  most  important  type  of  information  one  would  like  to 
obtain  from  DLTS  is  the  identity  of  the  chemical  impurity  or  crystal  defect 
detected  within  the  sample.  Although  DLTS  has  been  utilized  for 
approximately  ten  years  and  deep  levels  have  been  studied  much  longer  than 
that,  very  few  traps  have  been  positively  associated  with  specific  defects 
or  impurities.  Instead,  traps  in  GaAs  are  commonly  known  only  by  a  system 
of  letters  and  numbers  established  by  Martin,  Mitonneau,  and  Mircea.9,10 

One  problem  associated  with  linking  traps  to  specific  causes  is  that 
the  "trap  signature”  Ena  and  ona  or  Epa  and  Opa  are  only  the  apparent 
ionization  energy  and  capture  cross  section  and  do  not  correspond  to  any 
real  physical  quantities.  As  was  mentioned  in  Chapter  II,  the  true 
ionization  energy  of  a  trap  varies  with  temperature.  In  addition,  the  true 
capture  cross  section  is  thermally  activated.  The  precise  corrections  to 
the  apparent  trap  parameters  necessary  to  obtain  E*  and  On  or  op  are  not 
always  known. 

Another  difficulty  involved  in  obtaining  the  true  trap  parameters  is 
the  effect  of  high  electric  fields  on  trap  emission.  In  his  original  paper 
on  DLTS,  Lang  noted  that  spatial  variations  in  the  electric  field  could  lead 
to  nonexponential  transients  and  a  change  in  DLTS  peak  location  and  shape 
with  a  change  in  junction  bias  conditions. 3  This  is  due  to  the  fact  that 
traps  in  different  areas  of  the  device  experience  different  values  of  the 
electric  field  and  have  different  emission  rates.  The  emission  rate 
observed  by  DLTS  is,  therefore,  an  average  of  all  the  emission  rates  in  a 
given  region,  A  study  was  made  by  Makram-Ebeid  on  the  effect  of  an  electric 
field  on  the  trap  EL2  in  GaAs. 13  The  emission  rate  was  observed  first  to 


decrease  and  then  to  increase  as  the  junction  electric  field  was  increased 
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Although  the  behavior  of  other  electron  traps  may  not  be  the  same  as  that  of 
EL2 ,  a  high  junction  field  can  have  a  significant  impact  on  the  trap 


emission  rate  and,  thus,  the  apparent  trap  parameters. 

Unfortunately,  the  strength  of  the  junction  electric  field  in  the  base 
region  of  the  PBT  is  not  precisely  known.  The  simple  calculation  of  the 
electric  field  for  a  planar  Schottky  barrier  with  carrier  concentrations  and 
bias  levels  typical  of  a  PBT  gives  a  maximum  field  strength  of  the  order  of 
lO^  v/cm.  However,  because  of  the  sharp  edges  and  corners  around  the  base 
grating,  the  local  electric  field  could  be  considerably  higher  in  that 
region.  Changes  in  the  base  voltage  would  change  the  local  electric  field 
and  could  alter  the  measured  values  of  Ena  and  <jna  or  Epa  and  Opa. 

Evidence  was  found  in  the  data  for  a  dependence  of  the  measured  value 
of  ona  on  the  junction  electric  field.  Table  6  lists  some  DLTS  data 
obtained  from  Second  Chance  under  three  different  base  bias  conditions.  As 
can  be  seen,  as  the  steady  state  voltage  on  the  base  increased,  the  DLTS 
peak  shifted  to  a  lower  temperature,  and  the  calculated  value  for  Ona 
increased.  It  is  conceivable  that  the  three  peaks  could  correspond  to 
different  traps  since  different  regions  of  the  device  are  sampled  with 
different  fill-up  pulse  parameters.  However,  the  fact  that  the  values  of 
Ena  for  all  the  peaks  are  nearly  the  same  seems  to  indicate  that  the  same 
trap  is  responsible  for  all  of  them.  A  change  in  the  apparent  cross  section 
with  a  change  in  base  voltage  was  also  observed  for  the  hole  trap  discovered 
in  MP8-3.  Even  though  the  junction  electric  field  can  alter  the  values  of 
the  trap  parameters,  measured  traps  can  usually  be  identified  by  comparing 
the  log(l2/en)  versus  1000/T  plots  of  the  measured  traps  with  those  of  known 
traps. 
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Table  6.  Change  in  DLTS  peak  location  as  base  bias  changed  for  Second 
Chance.  Rate  window:  5.49  x  102  sec~l. 

Steady  State  Pulse  Temperature  of 

Voltage  (V)  Voltage  (V)  DLTS  Peak  (K)  Ena  (eV)  Ona  (cm2) 


Table  2  also  includes  the  possible  identification  of  the  traps 
discovered  in  this  research.  Most  of  the  known  traps  have  not  yet  been 
associated  with  specific  chemical  impurities  or  crystal  defects,  but  there 
are  exceptions.  The  hole  trap  HL8  is  thought  to  be  due  to  iron  and  was 
detected  in  MP8-3.  The  hole  trap  HL4  has  been  related  to  copper  and  was 
found  in  MPS-3,  Community  Chest,  and  Second  Chance.  Some  recent  studies  by 
Hollis  at  Lincoln  Laboratory  indicate  that  there  may  be  significant  amounts 
of  these  elements  in  the  base  metal  of  some  devices.^  The  concentration  of 
various  elements  in  a  tungsten  film  deposited  on  GaAs  was  measured  using 
secondary  ion  mass  spectrometry  (SIMS).  In  an  oxygenated  evaporated 
tungsten  film,  similar  to  the  base  metal  in  MP8-3 ,  the  peak  concentration  of 
iron  was  7  x  10*9  Cm-3  and  the  peak  concentration  of  copper  was  2  x  10^ 
cm-3.  In  a  sputtered  tungsten  film,  deposited  in  a  way  similar  to  that  of 
Community  Chest  and  Second  Chance,  the  copper  concentration  was  also  2  x 
1019  cm-3f  but  the  iron  concentration  was  much  less,  5  x  10^  cm  3,  The 
base  metal  of  Johnson  II  is  also  oxygenated  evaporated  tungsten,  but  it  was 
deposited  several  years  ago.  SIMS  analysis  of  tungsten  films  from  the  same 
period  shows  a  relatively  low  level  of  impurities. 

Another  experiment  using  SIMS  analysis  indicated  that  the  copper 
present  in  the  tungsten  tended  to  diffuse  into  the  GaAs  during  device 
fabrication.  The  experiment  involved  the  normal  fabrication  of  a  PBT  with  a 
sputtered  tungsten  base  up  to  the  point  of  the  epitaxial  growth  over  the 
base  grating.  In  this  "stop  action”  experiment  the  grating  was  only 
partially  overgrown,  filling  in  the  spaces  between  the  grating  lines.  The 
tungsten  was  etched  away  after  the  overgrowth  and  another  VPE  layer  was 
grown  on  the  homogeneous  surface  which  resulted.  A  SIMS  depth  profile 
detected  copper  in  a  region  around  the  base  grating  with  a  peak 


concentration  of  around  8  x  10*7  cm”3.  The  width  of  the  region  where  copper 
was  found,  about  4000  A,  indicated  significant  diffusion  of  copper  out  of 
the  metal  grating.  This  experiment  shows  that  the  hole  trap  HL4  found  in 
Second  Chance  and  Community  Chest  could  be  due  to  the  presence  of  copper  in 
the  base  grating  and  its  diffusion  into  the  semiconductor  during  subsequent 
fabrication  steps. 

A  similar  stop  action  experiment  using  an  oxygenated  evaporated 
tungsten  base,  similar  to  that  in  MP8-3 ,  has  not  yet  been  performed.  Since 
the  concentration  of  copper  in  this  type  of  base  metal  is  also  relatively 
high,  it  is  plausible  that  the  same  sort  of  copper  diffusion  into  the 
semiconductor  occurred.  It  is  not  known  whether  the  same  sort  of  diffusion 
of  iron  out  of  the  metal  occurs,  but  it  is  a  possible  explanation  for  the 
presence  of  the  trap  HL8. 

The  concentration  of  copper  in  the  GaAs  determined  by  SIMS  is 
considerably  higher  than  that  estimated  through  DLTS.  One  reason  for  this 
discrepancy  could  be  that  the  peak  concentration  detected  by  SIMS  was  in  the 
immediate  vicinity  of  the  base  metal.  The  region  of  the  device  sampled  by 
DLTS  depends  upon  the  fill-up  pulse  voltages  and  may  have  been  further  away 
from  the  base  metal  where  the  copper  concentration  was  lower.  Another 
reason  for  a  lower  concentration  estimated  by  DLTS  is  that  perhaps  not  all 
the  copper  atoms  were  acting  as  hole  traps.  Copper  in  GaAs,  in  fact,  has 
four  different  energy  levels  within  the  band  gap,  one  of  which  is  observable 
as  HL4. 

Although  most  of  the  traps  discovered  in  the  PBT's  tested  cannot  be 
linked  to  specific  causes,  current  DLTS  still  provides  some  very  useful 
information.  The  number  of  traps  observed  and  their  approximate 
concentrations  can  be  helpful  to  those  involved  in  designing  and  fabricating 
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VI.  SUMMARY 


The  purpose  of  the  research  described  in  this  thesis  was  to  investigate 
deep  level  electron  traps  in  the  GaAs  PBT  using  current  DLTS.  In  the 
introduction  to  this  thesis  the  major  characteristics  of  the  PBT  were 
described.  Because  deep  level  traps  in  the  base  region  of  the  PBT  could 
have  an  effect  on  device  performance,  current  DLTS  was  used  to  measure  these 
traps,  since  the  collector-emitter  current  is  very  sensitive  to  trap 
activity  in  that  region. 

In  Chapter  II  the  DLTS  technique  was  described.  DLTS  involves  the 
measurement  of  the  transient  response  of  a  p-n  or  metal-semiconductor 
junction  due  to  the  emission  of  electrons  or  holes  from  deep  level  traps 
within  the  depletion  region.  In  this  case,  an  exponential  transient  in  the 
collector-emitter  current  corresponds  to  the  emission  of  electrons  or  holes 
from  traps  within  the  depletion  region  around  the  base  grating  of  the  PBT. 
The  time  constant  associated  with  this  transient  can  be  deduced  from  DLTS 
thermal  scans,  and  the  apparent  ionization  energy  and  capture  cross  section 
of  traps  can  be  calculated. 

Chapters  III  and  IV  described  the  current  DLTS  measurement  apparatus 
and  presented  the  results  of  measurements  made  on  several  PBT  devices.  An 
attempt  was  made  to  associate  the  traps  observed  with  some  traps  that  have 
been  observed  in  other  laboratories. 

Finally,  Chapter  V  discussed  the  extent  to  which  the  deep  level  traps 

observed  can  be  associated  with  specific  chemical  impurities  or  crystal 

defects.  The  calculated  values  of  Ena  and  ona  °r  Epa  and  opa  can  be 

affected  by  the  junction  electric  field.  In  spite  of  this,  measured  traps 

can  usually  be  identified  relative  to  known  traps.  One  of  the  traps 

observed,  HL4,  is  thought  to  be  due  to  copper  and  was  found  in  three  of  the 
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devices.  A  different  hole  trap  found  in  one  of  the  devices  is  thought  to  be 
due  to  iron.  Another  study  using  SIMS  analysis  seems  to  corroborate  the 
DLTS  data  obtained  in  this  research.  Even  though  the  precise  nature  of  most 
traps  is  unknown,  current  DLTS  promises  to  be  a  useful  tool  for  studying  the 
PBT  by  characterizing  deep  level  traps  in  the  active  region  of  the  device. 
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